The design and fabrication of graded-refractive-index (GRIN) antireflection (AR) coatings with wide-angle and broadband characteristics are demonstrated. The optimization of the graded-index profiles with a genetic algorithm is used in the design of the GRIN AR coatings. The average reflectance over a wavelength range from 400 nm to 800 nm and angles of incidence from 0 • to 80 • could be reduced to only 0.1% by applying an optimized AR coating onto BK7 glass. The optimization of step-graded GRIN AR coating is then further investigated in detail. A two-layer AR coating was deposited by electron beam evaporation with glancing angle deposition technology, and the positional homogeneity was improved by depositing the film from two opposite directions. The microstructure of the AR coating was investigated by scanning electron microscopy, and the residual reflectances of the coating sample are in agreement with theoretical calculations. The optimized GRIN AR coatings are beneficial to increasing the efficiency of light utilization.
Introduction
Antireflection (AR) coatings are an important part of many devices and are used widely in optical systems. These coatings can be divided into two types: homogeneous and inhomogeneous films. The former reduce reflection losses by destructive interference with light reflected from various interfaces. [1] A single layer AR coating with an optical thickness equal to one-quarter of the wavelength of interest (λ /4) is widely used. The refractive index of such an AR coating is given by n λ /4 = (n s n a ) 1/2 ,
where n s and n a are the refractive indices of the substrate and ambient medium, respectively. [2] However, such quarter-wave coating cannot present very good performance for wide angle and wide wavelength ranges. The inhomogeneous AR coatings or graded-refractive-index (GRIN) AR coatings [3, 4] whose refractive indices vary gradually, can effectively reduce the surface reflection by matching the refractive indices of the substrate and ambient medium. These coatings with omni-directional and broadband characteristics can potentially satisfy the requirements of many fields, such as solar cells. Many forms of gradient profiles [5] [6] [7] [8] [9] have been studied previously. Kuo et al. fabricated a seven-layer graded-index coating with quintic profiles. [10] The measured angle-and wavelengthaveraged total reflectance was 3.79% for wavelengths between 400 nm and 2000 nm and for incident angles between 8 • and 60 • . However, AR performance gets worse at large angles of incidence. In recent years, the optimization method has been applied to the design of broadband omni-directional stepgraded GRIN AR coatings. A three-layer AR coating on a silicon substrate was designed using the iterative genetic algorithm computational method. [11] Reflectances were reduced to 5.9% over the wavelength range from 400 nm to 1100 nm and at angles of incidence from 0 • to 90 • . Among various preparation methods of GRIN coatings, such as multi-source co-deposition, [12] reactive magnetron sputtering [13] and so on, the glancing angle deposition (GLAD) technique [14, 15] is an effective method to grow nanostructured thin-film materials with engineered nano-scale porosity variations. Compared with other deposition methods, GLAD can obtain some materials with refractive indices close to that of air, which is crucial for the fabrication of broadband and omni-directional GRIN antireflection coatings. A very low refractive index of 1.05 nm at 632.8 nm was reported for SiO 2 grown by GLAD using electron-beam evaporation. [16] Thus, this technique is applied widely in the deposition of GRIN AR coatings.
In this paper, we present a design method for wide-angle and broadband AR coatings by optimizing the gradient profile of the refractive index. The reflectances of optimized stepgraded GRIN antireflection coatings varying with the discrete numbers of layers have been studied. We also analyzed the relationship between the effective refractive index of porous SiO 2 and glancing angle. An optimized two-step GRIN AR coating on a BK7 substrate was prepared by electron beam evaporation with the GLAD technique. The measured results demonstrate that the antireflection performance of the twolayer AR coating with a simple structure is excellent.
Design method and results

Optimization of the refractive-index profile
The remarkable feature of GRIN AR coating is that the refractive index varies gradually and monotonically along its thickness from the refractive index of the ambient medium to that of the substrate. Some specific gradient profiles, such as Gaussian, quintic, sinusoidal, exponential, and exponentialsine, have been adopted in designing GRIN AR coatings. In order to design GRIN AR coatings, we optimized the refractive-index profiles by an iterative genetic algorithm computational method, [17] [18] [19] which has previously been applied to the optimization of a variety of optical coatings. The details of the genetic algorithm have been discussed in previous papers. [20] n n air substrate In the design procedure, the GRIN AR structure is modeled by an N-layer homogeneous sublayer system, whose refractive-index profile is shown in Fig. 1 . The total number of sublayers is set at 500. It is found that the larger the total thickness of the GRIN AR coating, the lower the resulting average reflectance gets. In the following, the physical thickness (d) of the graded-index coating is considered to be 0.8 µm. The refractive indices of the sublayers increase monotonically with the layer number (position) from the air side to the substrate side. The thickness (∆z i ) of every sublayer and the difference in refractive index (∆n i ) between adjacent sublayers are all optimized. Then the refractive-index profile is optimized indirectly. A merit function (MF), defined as the average reflectance used in the process, is given by
where R s (λ i , θ j ) and R p (λ i , θ j ) are the wavelength and the angle-dependent reflection for s-and p-polarizations, respectively. m and n are the sampling numbers of the angles and wavelengths over the design ranges, respectively. Wideangle AR coatings over the entire visible wavelength range are widely used in many fields, such as light-emitting diodes (LED). In order to simplify the optimization process, the wavelengths (λ i ) and angles (θ j ) are adopted separately from 400 nm to 800 nm at 25 nm steps and 0 • to 80 • at 5 • steps. The substrate we used in the design process is BK7 glass (n s = 1.52) and the ambient medium is air (n a = 1.0). In this study, the dispersion of optical constants is not added into our calculations. Figure 2 illustrates the refractive-index profile and the AR-behavior of an optimized coating. The average reflectance over the wavelength range from 400 nm to 800 nm and the 0 • -80 • angle of incidence is only 0.1%. 
Step-graded GRIN AR coating
In the following, we investigate the optimization design of step-graded GRIN coatings. The total thickness of the AR coating is an important parameter in the design process. We limit the total physical thickness to not more than 0.8 µm. The step-graded GRIN AR coatings are optimized for wavelengths between 400 and 800 nm with 2 nm increments and incidence angles from 0 • to 80 • by steps of 2 • . The lowest allowed refractive index is a critical factor in the design of broadband and wide-angle GRIN AR coatings. The inclusion of layers with a refractive index very close to that of air can greatly reduce reflection. When the minimal refractive index is restricted to 1.05, which is the lowest value so far reported, [21] the average angle-and wavelength-averaged reflectance of the optimized three-layer AR coating is only 0.45%. In view of the difficulty of fabrication, the minimum refractive index of discrete layers in the following optimization process is restricted to n min = 1.10. However, this leads to an increment in the average reflectance of the optimized AR coating. The maximum allowed refractive index is set to 1.52. The calculated angleand wavelength-averaged reflectance and the total thickness as a function of the number of steps for optimized coatings are shown in Fig. 4 . As can be seen, the average reflectance initially decreases rapidly as more layers are added, and then becomes almost constant. Adding layers beyond two layers provides little benefit in reducing the average reflectance. The average reflectances of the two-and three-layer antireflection coatings are 1.32% and 1.2%, respectively. Compared to the optimized two-layer coating, the total thickness of the threelayer coating, however, increases from 325.5 nm to 415.7 nm. It can be seen that the two-layer GRIN AR coating with a smaller physical thickness reduces reflection effectively. The fabrication process is much easier due to the simple structure with only two layers. Table 1 shows the parameters of the two layers for the optimized two-layer coating. The layer with a 118.8 nmthickness and refractive index of 1.31 is chosen as the first layer of the two-layer structure. The refractive index of the second layer is as low as 1.10, close to that of air. The simulated angle-and wavelength-reflection characteristic of an optimized two-layer GRIN AR coating is shown in Fig. 5 . The average reflectance over the 400 nm-800 nm range and wide incident angle 0 • -80 • is reduced to only 1.32% as compared to 9.53% for the BK7 glass substrate with no AR coating. This two-layer AR coating exhibits a very low average reflectance of R ∼ 0.323% over a broad ranges of wavelengths, (λ = 500 nm-800 nm) and incident angles (θ =0 • -60 • ).
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3. Experiment
Preparation
The two-step GRIN AR coating discussed above was deposited onto a BK7 glass using electron beam evaporation with the GLAD technique. The low-refractive-index SiO 2 materials were evaporated from an EB source in the preparation of the two layers. The background pressure was 2.0×10 −3 Pa, and the O 2 pressure was 1.0×10 −2 Pa. The distance between the evaporation sources and the substrate was 27 cm. The BK7 glass (φ30 mm×1 mm) substrates were cleaned by acetone and ethanol before being introduced into the vacuum system. The change in glancing angle was controlled by a stepping motor. During the deposition process, the substrate was kept at room temperature. The film thickness was controlled by quartz crystal deposition monitor technology. Several nanostructured SiO 2 films were deposited under different glancing angles of 0, 30, 40, 50, 60, 70, 80, and 87 • . The effective refractive indices (λ =600 nm) of the samples are presented in Fig. 6 . As can be seen, the value decreases with the increase in glancing angle. The refractive index of porous SiO 2 films decreases to 1.10 at a glancing angle of 87 • , which is much lower than that of the corresponding bulk material. The relation between the refractive index and the glancing angle is fitted to a polynomial expression as
From the above polynomial expression, we know that the minimum refractive index is 1.063 at an oblique angle of 90 • . The glancing angle corresponding to the refractive index of 1.31 is about 66 • . It is known that the distances between the evaporation source and different positions of the substrate are different in the preparation process with glancing angle deposition technology. This leads to nonuniform thickness of the obliquely deposited film, especially at large deposition angles. The inhomogeneity will introduce errors into the measurement accuracy of the reflection spectrum of the sample. In order to improve the positional homogeneity, we adopted a method that has been used to prepare optical retardation plates. [22] The substrate was rotated 180 degrees when the central thickness of the coating reached one-half the designed thickness. Then, the other half of the coating was deposited from the opposite direction. Theoretical results show that this bilayered film with good positional homogeneity has the same optical property as a coating that is deposited at a single angle. The designed AR structure was fabricated with deposition angles of 66 • , −66 • , 87 • , and −87 • , separately.
Results and discussion
The scanning electron micrograph (SEM) pattern of the sample is shown in Fig. 7 . The bottom two layers with the symmetrical columnar structures are regarded as the "first" layer of the designed coating. The top two layers as the "second" layer are a mixture of slanted columnar structures and many voids. Both the column diameters and the gaps between the columnar structures are also much smaller than the wavelength of visible light. Therefore, the coating can keep the optical scattering sufficiently small. The reflectance spectra were measured for wavelengths from 400 nm to 800 nm at 2 nm steps and for incident angles between 10 • and 50 • , in 2 • increments, due to the limitation of the measuring instrument. As shown in Fig. 8 , the measured reflectances basically fit the theoretical calculated results. The average reflection of the sample is 0.88% over the measured wavelength and incident angle ranges, which is close to the calculated value of 0.49%. Generally speaking, the measurement results demonstrate that the two-layer GRIN AR coating has excellent broadband and wide-angle antireflection characteristics. 
Conclusions
A new method for the optimization of the refractive-index profile of wide-angle and broadband GRIN AR coatings is presented. The average reflectance of the designed AR coating over a wavelength range from 400 nm to 800 nm and angles of incidence from 0 • to 80 • is as small as 0.1%. Based on the limit of the lowest refractive index (n min = 1.10), the relation between the average reflection of the step-graded GRIN AR coatings and the step-number is studied. The average reflectance initially decreases rapidly as more layers are added, and then becomes almost constant. The two-layer coating with a simple structure and thin thickness of 325.5 nm can reduce the reflection to 1.32% for the wavelength range covering 400 nm to 800 nm and incident angles from 0 • to 80 • . Furthermore, the two-layer AR coating was fabricated by the glancing angle deposition technique. The average value of the measured reflectances is 0.88% over a broad spectrum, λ = 400 nm-800 nm, and a wide range of incident angles, θ = 10 • -50 • . It is shown that the reflectances for the two-layer AR coating are in agreement with the theoretical results in the measured range.
